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CaO-P 2 05-Si02-B 2 03-ZnO bioactive glasses were prepared via an optimized sol-gel method. The current 
investigation was focused on producing novel zinc based calcium phosphoborosilicate glasses and to 
evaluate their mechanical, rheological, and biocompatible properties. The morphology and composition of 
these glasses were studied using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The 
particle size, mechanical and flexural strength was also determined. Furthermore, the zeta potential of all the 
glasses were determined to estimate their flocculation tendency. The thermal analysis and weight loss 
measurements were carried out using differential scanning calorimetry (DSC) and thermogravimetric 
analysis (TGA) respectively. For assessing the in- vitro bioactive character of synthesized glasses, the ability 
for apatite formation on their surface upon their immersion in simulated body fluid (SBF) was checked 
using SEM and pH measurements. MTS assay cytotoxicity assay and live-dead cell viability test were 
conducted on J774A.1 cells murine macrophage cells for different glass concentrations. 

Hench reported the first Bioglass 45S5 (Si02-Na 2 0-CaO-P 2 05) 40 years ago 1 . Since then, many bioactive 
glass/glass ceramics have been developed for bone repair and grafts. Bioactive glasses have received special 
attention due to their unique characteristics like (i) flexible and property specific composition (ii) fast 
recation kinetics enhancing attachment and proliferation via chemical bond and (iii) controllable chemical 
properties 2 ' 3 . The prominent feature of bioactive glass is the formation of apatite like layer on their surface when 
they are immersed in physiological simulated body fluid (SBF)/human plasma 4 " 6 . The composition of this 
hydroxyapatite (HA) layer is almost similar to bone mineral and it provides adhesion with the surrounding 
tissues 7 " 9 . 

The bioactive, mechanical and structural properties of the bioactive glasses are highly dependent upon syn- 
thesis techniques, composition, particle size and crystallization etc. Many techniques are being used to make 
bioactive glasses. The most common method to make a bioglasss is conventional melt- quenching technique, in 
which all the components are mixed well using the ball mill and finally melting this mixture at high temperatures. 
Anyhow, the melt quenching technique may lead to volatilization of some oxides like B 2 0 3 . As an alternative 
approach, many researchers use the sol-gel technique these days 10 " 14 . The bioactive glasses obtained by sol-gel 
technique are of high purity with increased specific surface area. In addition to this, the low synthesis temperature, 
high porosity, fine particle size and homogeneity of these glasses also lead to enhanced bioactivity 15 " 18 . However, 
some reports emphasized on the decreased mechanical strength of sol-gel based glasses 19 . Therefore, a novel 
composition having improved mechanical strength, cytocompatibilty as well as high apatite-forming ability needs 
to be optimized. 

Many glass compositions using copper, silver, magnesium, strontium and zinc as dopants have ben studied 20 " 28 . 
Zinc plays an important role for skeletal system, proliferation of bone cells, enzyme regulation and DNA 
replication 29 33 . It is also reported that the glasses containing zinc more than 5 wt% helps in improving the 
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Figure 1 | (a) DSC curve for sample CP20 at heating rate of 10°C/min and (b) Thermogravimetric analysis of all the pristine glass samples. 



compressive strength and aqueous durability of glass 34,35 . CaO, P 2 0 5 
and Si0 2 (CAP) are the constituent of almost all the bioactive glasses, 
but very few compositions have been synthesized using B 2 0 3 incor- 
porated in CAP system. Huang et al. 36 found substantial increase in 
the conversion of the glass to HA in aqueous phosphate solutions 
upon replacement of Si0 2 with B 2 0 3 in steps. Borate/borosilicate 
glasses also show more controlled sintering behavior than silicate 
glasses 37 ' 38 . Hence, the focus is on the bioactive property and cyto- 
toxicity of phosphor-borosilicate rather than phosphosilicate glass 
system. Saranti et al. 39 reported that boron exhibits catalytic effect, 
which enhances bioactivity. Bone implant and osteointegration using 
B 2 0 3 based glass system is reported by Lee et al. 40 without any tox- 
icity. Calcium plays a significant role in bioactive glasses as calcium 
content determines the pore size 41 ' 42 . The porosity affects the rate of 
dissolution and hence bioactivity. Hence Therefore, in present study, 
new novel glass composition i.e. (25 — x)%CaO- x%P 2 0 5 - 60%SiO 2 - 
5%B 2 0 3 - 10%ZnO (x = 5, 10, 15, 20) has been synthesized using sol- 
gel method. The glasses were characterized using differential scan- 
ning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). The 
particle size, zeta potential, and mechanical properties were also 
determined. Synthesized glasses were soaked in 27-Tris-SBF for dif- 
ferent durations of 5, 15 and 30 days to asses the in- vitro apatite- 
forming ability using pH measurements, XRD and SEM. MTS assay 
cytotoxicity test were conducted on J774A.1 cells murine macro- 
phage cells for different glass concentrations. Crystallization 
enhances the mechanical and flexural strength of glass due to phases 
embedded in amorphous glassy matrix. Therefore, the apatite-form- 
ing ability and mechanical properties of crystallized glasses have also 
been studied. 

Results 

Thermal analysis. Non-isothermal method is used to obtain various 
characteristic parameters from DTA. In this method, the glass 
sample is heated up at a fixed heating rate. The characteristic 
transition temperatures (T g ), onset crystallization temperature 
(T x ), crystallization temperatures (T c ) and melting temperatures 
(T m ) for pristine glasses are listed in table 2. Fig. 1 (a) shows the 
DSC (at a heating rate of 10°C/min) for sample CP20 indicating 
the characteristic temperatures. It is clear from table 2 that all the 
characteristic temperatures decrease with the increase in P 2 0 5 
content. As the melting temperature is lowest for the CP20, it 
implies that the increase in phosphorus content decreases the 



cross-linkage inside the glass network. The weight loss is shown in 
fig. 1(b) respectively for all the glasses. Interestingly the weight loss is 
17.93, 4.72, 8.01 and 4.81% respectively for the CP5, CP10, CP15 and 
CP20 glasses. CP5 shows maximum weight loss among all the 
samples. 

X-ray diffraction. Fig. 2 and 3 (a) gives XRD of pristine sol-gel 
glasses and crystallized sol-gel glasses respectively. All the glasses 
have been heat-treated for 100 h, though the heat-treatment 
temperature has been chosen according to the crystallization 
temperature determined from DTA i.e. the sintering temperature 
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Figure 2 | XRD of pristine sol-gel glass samples. 
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Figure 3 | (a) XRD of crystallized sol-gel glass samples after 100 h heat- treatment and (b) XRD of all the glass samples after 30 days immersion in SBF 
((|) indicates hydroxyapatite phase). 



for CP5, CP10, CP15 and CP20 samples is 845, 839, 833 and 828°C 
respectively (table 2). Fig. 2 depicts absence of Bragg's diffraction 
peaks indicating the absence of crystalline phases. All the pristine 
glasses exhibit broad halo at low angles ~ 27°-30° for the 
glass samples. Hence, the pristine sol-gel prepared glasses are 
amorphous in nature having long-range structural disorder. The 
diffractogram for the heat-treated sol-gel glasses (fig. 3(a)) indicate 
phase formation in all of them. For glass-ceramic CP5, Ca 3 (P0 4 ) 2 
(ICDD- 01-086-1585), Zn 2 Si0 4 (ICDD- 00-001-1076), Ca 8 Si 5 0 18 
(ICDD- 00-029-0368) and CaB 4 0 7 (ICDD- 01-083-2025) phases 
are formed. The maximum phase fraction could be seen for 
CaB 4 0 7 phase. 

CP10 glass-ceramic exhibits CaB 2 0 4 (ICDD- 01-075-0935) and 
CaSi0 3 (ICDD- 01-076-0186) phases along with Ca 3 (PO) 4 and 
Zn 2 Si0 4 . CP 15 also exhibits same phases as that of CP 10 except 
CaSi0 3 phase is replaced by Ca 3 Si0 5 (ICDD-00-013-0209). No cal- 
cium phosphate or calcium silicate phase is seen in CP20. 

Fig. 3(b) gives the XRD of all the glass samples after soaking them 
in SBF for 30 days. The XRD indicates the formation of hydroxya- 
patite on all the samples (ICDD-009-0432). This is in accordance 
with SEM results (discussed later on). 

Particle size, zeta potential, hardness and density. The particle size, 
density, hardness and flexural strength of glass/glass -ceramics are 
obtained for all the composites are listed in table 3. Zeta potential 
for all the pristine glass samples after soaking in SBF is shown in fig. 4. 
The error bars represent standard deviation from the mean of 
20 values. Particles having zeta potential between +30 mV to 



— 30 mV have tendency to come together 43 . But for the particles 
with higher zeta potential, the repulsion between them is more and 
hence no flocculation or segregation of the particles occur. Initially 
all the sol-gel glasses possess positive zeta potential. With the increase 
in soaking duration, the potential becomes negative from positive. 
After almost 288 h of immersion in the SBF (fig. 4), both CP 15 and 
CP20 give negative zeta potential and remained to be negative up to 
the end of soaking duration. In contrast to this, the zeta potential 
becomes negative from positive after 588 h of soaking duration for 
the CP5 and CP 10. The density of all the pristine sol-gel glasses 
decreases from 2.92 to 2.76 g cm" 3 with the increase in 
phosphorous content from 5% to 20% samples. Same behavior is 
followed by glass ceramics i.e. the density decreases from 3.12 — 
2.97 g cm" 3 . 

Hardness (H) and flexural strength (a) have been calculated using 
following relations 44 : 

H = 1.854(P/d 2 ) (1) 

a = (3P f L)/(2bh 2 ) (2) 

Where P is the applied load (Newton), d is the diagonal length (in 
metres), P f is the load at which the specimen fractures, L is the length 
of specimen over which load is applied and h is the height of spe- 
cimen. The hardness and flexural strength are listed in table 3 for 
pristine and crystallized glass samples. 
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Figure 4 | Zeta potential variation of glass samples with soaking duration in SBF. 



In-vitro assays in SBF solution. The pH measurements were done 
on the SBF solution in which glasses/glass-ceramics were soaked in 
order to check out their hydrolytical stability. The bioglasses usually 
degrade which is accompanied by dissolution of soluble species and 
ions depending upon the glass composition 45 . The samples were 
immersed for 30 days. The data obtained from the pH 
measurement of glass/glass-ceramic soaked SBF at different time 
durations has been presented in fig. 5 (a-b) respectively. For both 
the glass and glass -ceramic, pH has shown noticeable increase as the 
soaking duration increases. The pH rises from 7.4 to 9.02, 7.42 to 
8.95, 7.4 to 8.78 and 7.4 to 8.76 for the CP20, CP15, CP10 and CP5 
glasses respectively after 720 h of soaking. For glass-ceramics also, 
similar trend is observed i.e. the pH rises from 7.41 to 7.99, 7.4 to 7.98, 
7.42 to 8.03 and 7.4 to 8.16 for the CP20, CP15, CP10 and CP 5 



samples respectively after 720 h of soaking. The CP20 glass/glass- 
ceramic has shown highest increase in pH among all the samples. 

The glass/glass-ceramics were soaked in SBF solution for 5, 15 and 
30 days. Then the samples were filtered out and the morphological 
studies were performed using ESEM to investigate the hydroxyapa- 
tite formation on their surface. The surface morphology for all the 
samples is shown in fig. 6-9. As the phosphorous content increases, 
the layer formation also increases for both glass and glass-ceramic. 
Moreover, the soaking duration also directly influences the layer 
formation on glass/glass -ceramic surface. Though the glass -ceramics 
have increased strength but they show comparatively less layer 
formation than the pristine glasses after dipping in SBF solution. 
The XRD analysis of glass-ceramics also shows (fig. 3(a)), the forma- 
tion of crystalline phases, which may be responsible for the higher 
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Figure 5 | (a) pH variation of pristine glasses with soaking duration and (b) pH variation of crystallised glasses with soaking duration. 
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Figure 6 | Apatite layer formation for (a) 5 (b) 15 and (c) 30 days SBF soaked CP5 glass- ceramics: Apatite layer formation for (d) 5 (e) 15 and (f) 30 days 
SBF soaked CP5 glass. 



strength of glass -ceramics and hence reduced bioactive behavior. 
Fig. 3(b) shows the XRD of 30 days SBF soaked samples, indicating 
the formation of hydroxyapatite layer on their surface. Fig. 6(a-c) 
shows the SEM micrograph for CP5 glass-ceramic after immersion in 
the SBF for 5, 15 and 30 days respectively. Fig. 6 (d-f) gives the 
surface morphology of pristine glasses corresponding to soaking of 
5, 15 and 30 days. CP5 glass-ceramic after 5 days soaking apparently 
shows almost no layer formation on its surface whereas CP5 glass do 
exhibit some flake formation on its surface. This could be due to the 
fact that maximum crystalline phases are observed for this glass, 
which increases the mechanical integrity of the glass making 
the network stronger. Moreover, the pH values are also very 
small for CP5 glass-ceramic, which further indicates its low dissolu- 
tion rate. After 15 days immersion in the SBF, CP5 glass-ceramic 
exhibit the formation of some flake shaped particle on its surface. 
These flakes have also increased after 30 days soaking. The CP5 glass 
is also following similar trend, where the tiny crystalline particle 



concentration has increased on the surface with the increase in soak- 
ing duration from 5 to 30 days. 

Figure 7 (a-c) shows the morphologies of CP 10 glass -ceramic after 
soaking time of 5, 15 and 30 days. The surface of CP 10 glass-ceramic 
shows crystallinity but almost smooth surface. But after soaking 
duration of 10 days, there is observable change in surface morpho- 
logy. Acicular lath-shaped particles are observed partially covering 
the surface of the CP 10 glass-ceramic. Furthermore, the density of 
these particles increased with the soaking duration of 30 days. For 
CP 10 glass (fig. 7 (d-f)), the particles agglomerated with relative high 
density than the corresponding glass-ceramic. After 30 days soaking, 
the apatite layer has grown more and the particles are more spherical 
in nature. The apatite-forming ability of CP 15 glass-ceramic is 
shown in fig. 8 (a-c), which indicates some noduses formation on 
the glass after 5 day soaking. The particles could also be seen on the 
surface of CP 15 glass (fig. 8(d)) after 5 day soaking, though it is not 
completely covering the glass-surface. As the time duration of soak- 
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ing increased (fig. 8 (a-f)), both CP 15 glass/glass -ceramic exhibit 
higher layer formation and hence high apatite-forming ability. For 
CP 15 glass, the surface is almost covered with apatite layer after 30 
days of soaking (fig. 8(f)) indicating its good bioactive response. 

For CP20 glass/glass -ceramic (fig. 9(a-f)), considerable HA layer 
could be seen on the surface after different soaking duration. The 
nodules combined to form big agglomerates, which finally covered 
the glass/glass -ceramic surface. For CP20, the maximum pH of 9.02 
is obtained after 30 d of immersion in SBF implying that the CP20 
should have better apatite-forming ability as compared to other 
samples. This is in correlation with the SEM analysis. 

Cytotoxicity and MTS assays. Figure 10 shows the cytotoxicity assay 
for different concentration of all sol-gel glasses for the murine cells 



culture. MTS assay is calorimetric assay for determining cell viability 
and cellular proliferation after the addition of test materials rather 
than toxicity. The MTS assay measures mitochondrial activity 
basically. It can be used to determine the TD50, i.e., when 50% of 
the cells are killed, which gives the most accurate values that can be 
reproduced similar to lethal dose 50. To make sure that the material 
does not kill cells, as well as replicate normally like control cells do 
without addition of bioglass/glass-ceramic, survival of 90 to 100% 
cells after exposure to a certain quantity of test material is used 
compared to control cells without any test material to show that 
it is basically not affecting the cell viability as well as cellular 
proliferation. Hence, in present investigation, the protocol has 
been modified to look at cell proliferation and survival instead of 
lethal dose. Therefore, the control is taken to be 100% and anything 
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Figure 8 | Apatite layer formation for (a) 5 (b) 15 and (c) 30 days SBF soaked CP 15 glass- ceramics: Apatite layer formation for (d) 5 (e) 15 and (f) 30 
days SBF soaked CP 15 glass. 



below 90% is considered to be toxic 46 . Usually, cytotoxicity is 
associated with reactivity of compounds. If the ionic exchange is 
more between glass particles and the environment 47 , then the 
surface modifications lead to sample higher cytotoxicity. Starting 
from the concentration of 500 to 0.97 |ag/mL, upto 15.62 |ag/mL of 
concentration all the pristine glass samples are toxic (fig. 10). At 
7.81 |ig/mL of concentration, glass sample CP5 and CP 15 still 
showed some toxicity whereas sample CP 10 and CP20 are not in 
the acceptable regime. When the concentration of sol-gel glass is 
further reduced to 1.95 |ig/mL, then all the glasses except CP20 are 
non-toxic. Furthermore, all the samples are non-toxic at a 
concentration of 0.97 [ig/mL. Fig. 11(a) demonstrates the MTS 
plates of all sol-gel glasses at different concentrations. The 
cytotoxicity assay of glass -ceramics at different concentration is 
shown in figure 11(b). From fig. 11(b), it is clear that glass-ceramic 



CP20 is non-toxic even at 500 |!g/mL, though all other glasses are 
toxic at that concentration. At all the other concentrations, cell 
viability is high and almost equal or above the control level. The 
results for live- dead cell assay results for all glasses at three 
concentrations of 7.81, 1.95 and 0.97 |ig/mL are shown in fig. 12. 
Only those compositions are chosen which show maximum cell 
viability in MTS assay. The average control level of live cell viability 
is 81.5% and that of dead cell is 18.5%. Figure 13 gives the live-dead 
viability results for crystallized glass-ceramics. For analyzing the live- 
dead cell assay of glass- ceramics, the concentrations were chosen to be 
500, 250 and 125 (ig/mL which are different from the one taken 
during analysis of pristine glasses. These concentrations are chosen 
because almost all the concentrations show non-toxicity except 
500 |ig/mL. The average live cell control level is 96% and rest 4% is 
control level of the dead cells. 
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Figure 9 | Apatite layer formation for (a) 5 (b) 15 and (c) 30 days SBF soaked CP20 glass- ceramics: Apatite layer formation for (d) 5 (e) 15 and (f) 30 
days SBF soaked CP20 glass. 



Discussion 

The weight loss is attributed to the evaporation of water, volatility of 
organic components and loss of the hydroxide (OH) groups 48 . The 
precursors used for the glass synthesis are mainly nitrates, and the 
main weight loss occurs between 200-600°C, which is due to nitrate 
decomposition and condensation by-products. All other glasses 
show weight loss less than 10%. Generally sol-gel prepared glasses 
show high weight loss i.e. between 30-40%. But the present glasses do 
not exhibit such kind of weight loss behavior. The main reason for 
this behavior can be the higher calcination time of 12 h, which 
already made the glass free from nitrate products. Hence, the glasses 
exhibit quite stable thermal behavior in terms of weight loss. It is clear 
from fig. 3(a) that the CP5 glass-ceramic exhibits maximum crystal- 
lization. The crystallization and hence phase fraction decreases with 
increase of phosphorus content in samples. The various reactions, 
which might have taken place, are proposed as follows: 



3CaO + P 2 0 5 — 


— > Ca 3 (P0 4 ) 2 


(3) 


Si0 2 + 2ZnO — 


> Zn 2 Si0 4 


(4) 


8CaO + 5Si0 2 — 


— > Ca 8 Si 5 Oi 8 


(5) 


CaO + Si0 2 - 


> CaSi0 3 


(6) 


3CaO + Si0 2 


> Ca 3 Si0 5 


(?) 


CaO + 2B 2 0 3 - 


> CaB 4 0 7 


(8) 


CaO + B 2 0 3 - 


> CaB 2 Q 4 


(9) 
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Figure 10 | MTS cytotoxicity assay results for pristine glasses at different concentrations for murine cells culture. 



Ca 3 (P0 4 ) 2 is also known as whitlockite phase and is component of 
tooth enamel and bone mineral 49 . It is absent in CP20 glass-ceramics 
inspite of fact that it has high amount of phosphorus. Boron, phos- 
phorus and silicon have interacted with network modifiers calcium 
oxide and zinc oxide via non-bridging oxygens. In CP5 glass- 
ceramic, calcium is having highest content among all the other sam- 
ples, which means more non-bridging oxygens. Hence, Si 4+ , B 3+ and 
P 5+ have bonded with Ca 2+ via non-bridging oxygens. But at 5% 
concentration of CaO, phosphorus does not do any bonding with 
calcium. 

The potential, which exists between the dispersing liquid and par- 
ticle surface and varies according to the distance from particle surface 
is called zeta potential. Generally zeta potential gives a direct measure 
of inter-particle repulsive force and the flocculation tendency of 
particles 50,51 . The behavior of zeta potential as depicted from fig. 4 
can be explained as follows 52,53 : 



(i) 



Upon soaking in SBF, the silanol (Si-OH) groups are formed 
due to the exchange of ions between the H + from the solution 
and the glass network modifier Ca 2+ and hence hydrolysis of 
the silica groups occurs. The reaction mechanism follows the 
equation: 



Si---Q---Ca z 



Si---Q---H + Ca z 



(10) 



(2) 



During the initial duration of the soaking, the release of ion may 
counterbalance each other, hence making zeta potential neut- 
ral. Particularly, in CP5 and CP 10 sol-gel glass, the calcium 
extent is higher, hence more of the Ca 2+ ion can combine with 
OH" making the solution positive. 

As the phosphorus content increases from 5% to 20%, the 
HPO4 2 " content increases in solution. Hence, HP0 4 2 " may 
incorporate into the bulk and P0 4 3 " migrates from bulk 
towards the glass surface, which makes the surface negative. 
Hence, for the CP 15 and CP20, the glasses show negative nega- 
tive zeta potential quite early in comparison to CP5 and CP 10. 



In-vivo, the negative zeta potential promote cell proliferation and 
attachment 54 . The CP20 gives the lowest particle size and CP 10 gives 
the highest size. The change of glass to glass ceramics due to devit- 
rification upon heat- treatment resulted in increase of density as is 
evident from table 3. The high density of the CP5 glass/glass-cera- 
mics indicates its high cross-linking density in its network. In addi- 
tion to this, the hardness as well as flexural strength decreases from 
sample CP5 to CP20 with increase in phosphorus content (table 3). 
This is in accordance with the variation of density for all glasses. This 
trend is attributed to the replacement of heavier calcium oxide 
(3.35 g cm" 3 ) with lighter phosphorus oxide (2.39 g cm" 3 ). Both 
the hardness and flexural strength are obtained to be highest for 
crystallized samples than the amorphous pristine glasses as is clear 
from table 3. The crystallization process also lead to mitigation of 
glass so as to fill the gaps or pores, which subsequently lead to 
increase in density and hence mechanical properties also. 

pH has shown appreciable change over period of the soaking for 
the glass as well as glass -ceramics (fig. 5(a-b)). This increase in pH is 
mainly attributed to the exchange of Ca 2+ ions from the glass with 
H 3 0 + ions in the SBF solution 2,5 . In other words, the leaching of ions 
from the glass matrix increases the concentration of silicon and 
calcium in the SBF and subsequent formation of calcium phosphate 
takes place, which decreases the concentration of the phosphorus 
and calcium in solution 55 . Hence, prior to the hydroxyapatite forma- 
tion, silica gel layer is formed on the surface of glass. From fig. 5(a), it 
is clear that the pH increased very rapidly after initial 100 h of 
immersion in SBF solution for all the pristine glass samples. pH 
follows the trend pH C p 20 > pH CP15 > pH CP10 > pH CP5 . For the 
CP20 glass sample, the pH rises from 7.4 to 8.49 after 108 h of 
dipping. Similarly, for all the other samples, it rises from 7.42 to 
8.44, 7.4 to 8.42 and 7.4 to 8.28 for the CP15, CP10 and CP 5 respect- 
ively. After 100 h, the pH rises slowly. The maximum pH value is 
9.02, which is obtained from the CP20 after 720 h of soaking. CP 15 
gives pH value of 8.95 followed by 8.78 and 8.76 by CP10 and CP5 
respectively after 720 h of dipping in SBF. 



SCIENTIFIC REPORTS | 4:4392 | DOI: 1 0.1 038/srep04392 



9 



Media Only 
62.5 M-g/mL 

31.25 M-g/mL 
15.625 M^g/mL 
7.8125 M^g/mL 

1.95 Jxg/mL 
0.9766 M-g/mL 
Media/Formazan 



b) 



0J 



160 
140 
120 
100 
80 
60 
40 
20 
0 




MTS Cytotoxicity Assay for Sol-Gel Glass-ceramic 

I 



I I 



{■ 



T I 



I 



I 



tI 



T 



I 



500 



250 



125 



62.5 



31.25 15.625 7.8125 3.90625 1.95 



Media with 
macrophage 




■ Control 

■ CP5 
CP10 

■ CP15 
CP20 



Glass Concentration (fig/mL) 
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concentrations for murine cells culture. 



Almost similar trend is followed by the glass -ceramics also as 
depicted from fig. 5(b). The maximum pH is shown upto initial 
70 h of soaking due to faster release of the Ca 2+ , P0 4 3 ~, and Si 4+ 
ions. But the pH values of glass-ceramics are comparatively lower 
than the values of pH obtained from pristine glasses after dipping. 
This could be attributed to the fact that the glasses are amorphous 
with random loose network, which allows faster exchange of the ions. 
In contrast to this, the crystalline phases embedded in the amorphous 
glassy matrix of glass ceramics increase the structural integrity hin- 
dering the migration of ions. However, the pH variation is highest for 
the CP20 glass-ceramic again i.e. maximum pH of 8.16 is obtained 



after 720 h of immersion in SBF. Hence, increase in the phosphorus 
content has increased the maximum dissolution. The maximum pH 
values of the CP 15, CP 10 and CP5 glass -ceramics are quite close to 
each other. 

Hydroxyapatite is a naturally occurring mineral as well as prom- 
inent component of tooth enamel and vertebrate bone having stoi- 
chiometry of Ca 10 (PO 4 ) 6 (OH) 2 55 . The Ca/P ratio is 1.67 and lower 
Ca/P ratio leads to higher solubilty and acidity. Biological bone 
forming apatite crystals are less than 500 A in size. They are non- 
stochiometric calcium deficient and have carbonate in their structure 
unlike hydroxypatites. The carbonate (C0 3 2 ~) in biological apatites 
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Figure 12 | Live-dead cell viability for pristine glasses at optimum concentrations. 



cause stresses and lattice distortion further leading to solubility. The 
OH" in hydroxyapatite can be substituted by C0 3 2 ~ for synthetic 
non-aqueous systems i.e. dissolved C0 2 in the aqueous phosphate 
solution contributes to carbonate 56 . 

From the SEM micrograph given in fig. 6 (a-f), it is observed that 
CP5 glass exhibit some flake formation on its surface after 5 days of 
soaking whereas CP5 glass-ceramic shows almost no layer formation 
on its surface. The high crystallinity of CP5 glass-ceramic made the 
network stronger thereby decreasing the pH and hence low dissolu- 
tion rate. Some flake shaped particles deposit on the surface of CP5 
glass/glass -ceramic after 15 days immersion in the SBF solution. 
Furthermore, the density of these flakes increase with the increase 
in soaking duration. 

The morphologies of CP 10 glass-ceramic after soaking time of 5, 
15 and 30 days are shown in figure 7 (a-f). The surface morphology 
of CP 10 glass/glass -ceramic changes after dipping it in SBF for 15 
days i.e. Acicular lath-shaped particles partially cover their surface. 
After 30 days soaking in the SBF, lath shaped particles turn more or 
less into spherical shape and their concentration increases on the 
CP 10 glass/glass -ceramic surface. 

Similarly, partial noduses formation could be seen on the surface 
of CP15 glass/glass -ceramic after 5 day soaking (fig. 8(a-f)). After 30 
days of soaking, CP 15 glass surface is almost covered with these 
noduses indicating its good bioactive response. For CP20 glass/ 
glass-ceramic (fig. 9(a-f)), HA layer formation in form of big 
agglomerates could be observed on the surface after different soaking 
duration. The formation of HA could be confirmed from the XRD of 
SBF soaked samples as shown in fig. 3(b). This almost covers the 



whole glass/glass -ceramic surface after 30 days immersion in SBF 
solution. The maximum pH of 9.02 for CP20 glass is obtained after 
30 days of immersion in SBF indicating its better apatite-forming 
ability among other samples. Hence, SEM analysis correlates well 
with the pH results. Following points are obtained during micro- 
structural analysis: 

a) For all the samples, the pristine glass samples have shown higher 
bioactive response than the corresponding sintered sample. 
This clearly indicates that crystallinity hinders the apatite 
formation. 

b) With the increase in soaking duration, the apatite formation 
increased for all glass/glass -ceramics. 

c) Increase in bioactive behavior has been observed with decrease 
in calcium content/increase in phosphate content i.e. CP20 
glass/glass-ceramic exhibits highest pH values and layer forma- 
tion as compared to other samples. 

From the cytotoxicity results (fig. 10), it is clear that, glass sample 
CP5 and CP 15 are almost non-toxic at 7.81 |ig/mL of concentration. 
Except CP20, all the glasses show non-toxic behavior at concentra- 
tion of 1.95 ug/mL. At a concentration of 0.97 |ig/mL, all the sam- 
ples exhibit non-toxic behavior. But in contrast to this, glass ceramics 
are non-toxic even at higher concentrations as indicated from 
fig. 11(b) especially glass-ceramic CP20 exhibits highest viability 
among all the samples. This further indicates the non-toxicity of 
phases formed in glass-ceramic. Furthermore, the live-dead cell assay 
count indicates that CP 5 gives the maximum viability of 72.3% at 
concentration of 1.95 |ig/mL (fig. 12). Glass CP 10 also gives the 
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Figure 13 | Live-dead cell viability for crystallized glasses at optimum concentrations. 



maximum live-cell viability of 94.2% at 1.95 }ig/mL, whereas CP 15 
exhibits maximum viability of 75.9% at 0.97 |ig/mL. Glass CP20 also 
gives the maximum live cell count of 81.4% at 1.95 |ig/mL. 

For CP5 glass -ceramic, at all the concentrations, the live cell count 
is below the control level (fig. 13). CP 10 glass-ceramic gives live cell 
viability to be 95% at 125 |ig/mL whereas at 500 |ig/mL the viability 
is only 5%. Furthermore, the live cell count is almost acceptable at 
250 |!g/mL also in addition to 125 ug/mL concentration for CP 15 
glass -ceramic. But CP20 glass-ceramic gives 90% live cell viability 
even at 500 |ig/mL. CP20 shows maximum live cell count among all 
the samples. These MTS assay results show that the toxicity reduces 
with crystallinity. At low concentrations, the pristine glasses also give 
cytotoxicity above control level. 

Conclusively, all these glasses show weight loss less than 10% 
obtained from thermogravimetric analysis. CP5 glass-ceramic exhib- 
ited maximum crystallization. Furthermore, the crystallization and 
hence phase fraction decreased with increase of phosphorus content 
in samples whereas reverse trend was followed for density and hard- 
ness. The pristine glasses possess positive zeta potential. As the soak- 
ing duration increased in SBF, the potential became negative from 



positive indicating their more flocculation tendency. Increase in the 
phosphorus content has increased the maximum dissolution as indi- 
cated from the pH measurements. The MTS assay results indicated 
that toxicity decreased for crystalline glasses. Glass-ceramic CP20 
shows the highest viability among all the crystallized samples. The 
microstructural studies also indicate increase in hydroxyapatite layer 
formation on the surface of glass/glass -ceramic with the soaking 
duration as well as increase in phosphorus content. Though crystal- 
lization has enhanced mechanical properties, density and reduced 
the toxic effects, but it has decreased the apatite layer formation due 
to lower dissolution rate of ions. Glass-ceramics could be used at 
higher concentration as revealed by live-dead cell assay. 
Conclusively, CP20 glass/glass-ceramic posses highest apatite-form- 
ing ability and less toxicity among all other samples. It can be further 
investigated as potential material for bone regeneration. 

Methods 

Sol-gel synthesis. The glass composition (25 — x)%CaO- x%P 2 0 5 - 60%SiO 2 - 
5%B 2 0 3 - 10%ZnO (x = 5, 10, 15, 20) was synthesized using the sol-gel technique. The 
glass compositions along with their sample labels are given in table 1 . The glass CP5 



Table 1 | The 


compositions of 


sol-gel glasses 


along with sample 


label (mol %) 










Sample 


CaO 


P2O5 


B 2 0 3 


Si0 2 ZnO 


CP5 


20 


5 


5 


60 10 


CP10 


15 


10 


5 


60 10 


CP15 


10 


15 


5 


60 10 


CP20 


5 


20 


5 


60 10 



Table 2 


Characteristic temperatures 


obtained by DSC for all the 


glasses 










Sample 




T x 


T c 


T m 


CP5 


659 


730 


845 


1060 


CP10 


642 


724 


839 


1044 


CP15 


638 


718 


833 


1032 


CP20 


633 


716 


828 


1022 
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Table 3 | The particle size, density, hardness and flexural strength for all glass/glass-ceramic samples 

Density (g cm" 3 ) Hardness (GPa) Flexural strength (MPa) 



Sample Particle size (nm) Glass Glass ceramic Glass Glass ceramic Glass Glass-ceramic 



CP5 320.71 2.92 3.12 4.83 87.52 7.33 113.28 

CP10 412.16 2.87 3.08 4.72 79.81 7.01 109.72 

CP15 389.92 2.81 3.01 4.54 72.33 6.83 103.41 

CP20 312.59 2.76 2.97 4.42 59.12 6.42 91.22 



was prepared by hydrolysis and polycondensation of 20.722 mL of tetraethyl 
orthosilicate (TEOS), 2.64 mL of triethyl phosphate (TEP), 7.33 g of calcium nitrate 
tetrahydrate, 4.62 g of zinc nitrate hexahydrate and 0.48 g of boric acid. The TEOS 
and TEP hydrolysis was catalyzed using 1 M HN0 3 and the molar ration was kept to 
be HN0 3 + deionizd water: TEOS + TEP = 8: 1. The reactants were added 
consecutively after every 0.5 h of continuous stirring. The sol was kept in the sealed 
polyethylene containers at the room temperature and was allowed to gel. The dried gel 
was then ball-milled for 3 h to obtain homogenous particles and then stabilized at 
600°C for 12 h. The powders were again ground and pelletized in hydraulic press 
under 200 MPa to make compact discs of 10 mm X 3 mm. The compact samples 
were sintered in high temperature furnace with a heating rate of 5°C/min at a suitable 
temperature determined from DTA and TGA. The density of glass/glass-ceramics 
was calculated using Archimedes method (i.e. immersion in diethyl phthalate). 

Characterization. The glass transition temperature (T g ), onset crystallization 
temperature (T x ), crystallization temperatures (T c ) and melting temperatures (T m ) 
was obtained using the differential scanning calorimetry (DSC) at a heating rate of 
5°C/min. The DSC and weight loss measurements were carried out in the Netzsch 402 
EP using alumina as the reference material and in an air atmosphere. The amorphous 
pristine glass and crystallized heat-treated glass were analyzed using high-resolution 
XRD in an X'Pert PRO diffractometer (PANalytical B.V., EA Almelo, The 
Netherlands). The particle size and zeta potential of the prepared (unsintered) 
samples were determined using dynamic light scattering (DLS) based Zetasizer nano 
series. The sample of concentration 0.1 g l -1 was prepared using the methanol as a 
reference solution. 633 nm laser light was used to illuminate the particles within the 
sample at a scattering angle of 17 degrees. Cumulative method and polydispersity 
index were used to determine the diameter. LECO LM247AT Microhardness Tester 
and Control Software are used for measuring micro hardness of the samples. Flexural 
strength is obtained from the Q-series universal testing machine (ESM 301). The 
samples were polished well before the hardness and flexural measurements. Scanning 
electron measurements were carried out using the environmental ESEM (FEI Quanta 
600 FEG, Hilsboro) with ET detector and low pressure of 1 Torr under hydrated 
conditions. 

Cytotoxicity and MTS assay. J774A.1 cells (murine macrophage cell line from 
American Type Culture Collection) cells were routinely grown as monolayers in 
75 cm2 tissue culture flasks (Corning, Inc.) in a humidified incubator with 5% C02 
atmosphere at 37°C. The cells were maintained in the Dulbecco's modified Eagle's 
medium (Sigma- Aldrich) supplemented with 10% fetal bovine serum (FBS), L- 
glutamine, NaHC03, pyridoxine-HCl, and 45,000 mg/L glucose and preserved with 
1% penicillin- streptomycin solution (Mediatech, Inc.). Cultured J774A.1 cells were 
gently scraped at 80-90% confluency in 10 mL of culture media 10% FBS. Each 
sample was pipetted in 9 wells of a 96 well plate in triplicate at desired concentrations, 
including untreated control samples as given below to a total volume of 200 ul. The 
cells were incubated overnight at 37°C and 5% C02. 20 uL of CellTiter 96® Aqueous 
reagent solution was then pipetted into each well, except no formazan control wells 
and media only wells and then the plates were incubated for 1-4 hours at 37°C in a 
humidified 5% C02 atmosphere. The absorbance at 490 nm was recorded using a 96- 
well Elisa plate reader in triplicate. Statistics on data include the two-tailed T test. To 
make the MTS solution, 100 uL of dye into 2 ml of MTS solution was used. The cells 
were exposed to all the samples, at the nanoparticle concentrations of 500, 250, 125, 
62.5, 31.25, 15.625, 7.8125, 3.90625, and 1.95 ug/ml for 24 hours before adding the 
MTS assay solution and then incubated for 1-4 hours before taking a reading. Trypan 
blue exclusion assay was used for live-dead cell counts. For trypan blue staining, 
500 uL of cells were incubated for 3 min at room temperature with an equal volume 
of 0.4% (w/v) trypan blue solution prepared in 0.81% NaCl and 0.06% (w/v) dibasic 
potassium phosphate. Cells were counted in their respective chamber in the 4 
chamber culture slide (BD Falcon CultureSlides) and a light microscope. One 
hundred viable and nonviable cells were recorded separately to figure out a percentage 
of live and dead cell counts. 

In- vitro assays in SBF solution. The SBF solution was prepared using the required 
ion concentrations 57 . The glass/glass-ceramics pellets were dipped in SBF solution 
kept in clean glass bottles. The bottles were tightly covered and kept in water bath at 
37°C. The pH and zeta potential was measured regularly after continuous interval of 
dipping. The pH was measured using Mettler-Toledo pH meter (TMP-85). After the 
soaking process, the samples were washed with deionized water. The apatite layer 
formation was studied under environmental SEM and XRD. 
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